With standard microelectrode techniques, electrical activity of cells in the epicardial border zones of infarcts in the canine heart were studied. Either automaticity or triggered activity (or both) occurred in each of the 12 preparations studied from 24-hour infarcts. One 24-hour preparation had continuous activity indistinguishable from low-potential (abnormal) automaticity. This automaticity was not effected by flecainide 1-5 mg/l. Two other 24-hour subepicardial muscle preparations also were automatic. However, nine preparations from the subepicardium were not automatic during superfusion with standard Tyrode's solution. Delayed afterdepolarizations (DADs) and triggered activity could be induced in all of these preparations by treatment with catecholamines. The amplitude of these DADs was directly related to the stimulus rate of the train of impulses used to elicit them, and their coupling interval was inversely related to this rate of stimulation. Triggered activity occurred from maximal diastolic potentials of -58 to -88 mV in the 24-hour infarct zone preparations. In seven preparations from 72-96-hour infarct zones, the epicardial muscle cells did not show triggered activity after treatment with catecholamines. In one preparation from a 72-hour infarct, however, 3-5-mV DADs occurred. No DADs or triggered impulses occurred in subepicardial muscle from normal, noninfarcted hearts. Thus, triggered impulses and lowpotential automaticity could contribute to arrhythmias occurring in the canine heart 24 hours after coronary ligation. (Circulation 1988;78:1020-1030 M ultiform ventricular tachycardias occur 24 hours after ligation of the left anterior descending coronary artery in the canine heart.1 These tachycardias are frequently used to model the arrhythmias that occur in humans hospitalized after myocardial infarction.2 Most investigators have concluded that the ectopic beats primarily originate in subendocardial Purkinje fibers that survive on the endocardial surface of the infarct.3-8 However, some ectopic activity may also begin in working myocardium on the lateral'l9 or epicardial borders5 of the infarct. It is known that a thin rim of surviving ventricular muscle cells on the epicardial
M ultiform ventricular tachycardias occur 24 hours after ligation of the left anterior descending coronary artery in the canine heart.1 These tachycardias are frequently used to model the arrhythmias that occur in humans hospitalized after myocardial infarction.2 Most investigators have concluded that the ectopic beats primarily originate in subendocardial Purkinje fibers that survive on the endocardial surface of the infarct. [3] [4] [5] [6] [7] [8] However, some ectopic activity may also begin in working myocardium on the lateral'l9 or epicardial borders5 of the infarct. It is known that a thin rim of surviving ventricular muscle cells on the epicardial border of the 24-hour infarct can support reentrant activation. 8 Although microelectrode studies of subepicardial ventricular muscle tissue preparations studied 20-24 hours after coronary ligation have indicated that the cells are partially depolarized and have abnormal transmembrane action potentials, they have not suggested that these tissues can produce arrhythmias by spontaneous impulse initiation. 10. 1 Therefore, the present study was designed to determine whether spontaneous impulse initiation can occur in ventricular muscle cells on the borders of infarcts studied 1 day after coronary occlusion. Small preparations were isolated from the epicardial border zone of normal and of both 1-day-old and 3-4-day-old infarcts of the canine heart. Stimulus regimes to elicit delayed afterdepolarizations (DADs) and triggered activity were used. Because it is known that catecholamines can enhance triggered'2.'3 and automatic foci,'4'15 the effects of norepinephrine or isoproterenol on these preparations were examined.
Materials and Methods
Healthy, heartworm-negative, 15-20-kg adult mongrel dogs were anesthetized with sodium pentobarbital (30-40 mg/kg i.v.). Under aseptic conditions, a left thoracotomy was performed through the fourth intercostal space, and the proximal left anterior descending coronary artery was ligated by a two-stage technique."3 Then, the thoracotomy was closed in layers, and the animal was taken to the recovery room. Antibiotics (oxacillin 1 g and gentamycin 20 mg) were administered intramuscularly every 24 hours to prevent wound infections. After 1-4 days of recuperation, the animals were reanesthetized with pentobarbital and cardiectomies were performed rapidly. Each excised heart was placed into a beaker of room-temperature, oxygenated Tyrode's solution and washed of residual blood. Then, the experimental preparations were carefully dissected from the epicardial surface of the heart overlying the central zone 
Results
Automaticity or triggered activity did not occur before, during, or after treatment with isoproterenol of or less than 1 iM in left ventricular epicardial preparations from either the anterior wall of normal, noninfarcted canine hearts (n = 6) or the infarcted surfaces of canine hearts studied 3-4 days after ligation of the left anterior descending coronary artery (n = 4). However, there were electrophysiological differences between the two types of preparation. Diastolic membrane potential was -87±3 in normal subepicardial muscle cells and averaged -81 ±2 mV in the muscle cells from the 3-4-dayold infarct zones (p<0.05). Moreover, in one preparation taken from the center of a 72-hour-old infarct, isoproterenol 1 ,uM did induce small (2-5 mV) DADs (Figure 1 ). These DADs did not produce triggered impulses and occurred only transiently.
That is, tachyphylaxis occurred after about 15 minutes of superfusion with isoproterenol-Tyrode's solution. After that, even though the P-agonist continued to be superfused, DADs did not occur. This tachyphylaxis did not appear to be voltagedependent. Resting membrane potential was between -84 and -82 early on, both before treatment with isoproterenol and shortly after treatment, when DADs could be induced. After the DADs had disappeared, resting potential was about -82 mV.
In contrast to the results obtained in the control tissues and 3-4-day postligation tissues, spontaneous impulse initiation occurred either before or after treatment with catecholamines in every subepicardial ventricular muscle preparation excised from the 24-hour infarct zones. In three of the preparations, automaticity or triggering occurred during the control period while the tissue was being superfused with standard Tyrode's solution. In general, such automatic or triggered activity occurred only in the preparations with the lower diastolic potentials. Specifically, maximum diastolic potentials averaged -64 + 6 mV in the three spontaneously active preparations. In the remaining nine subepicardial preparations from 24-hour infarcts, no spontaneous impulse initiation occurred during the control period. These "quiescent" preparations could be driven at cycle lengths as short as 300 msec during the control period without eliciting DADs or triggered activity. Diastolic (resting) potentials averaged -78 + 1 mV in the nine quiescent preparations during the control period. After the quiescent infarct zone preparations were treated with isoproterenol or norepinephrine, DADs or triggered activity occurred within 2-5 minutes. Usually, relatively high catecholamine concentrations of 1 ,M were necessary to elicit DADs. The induction of DADs was not associated with consistent changes of diastolic potential. In two experiments, lower concentrations of catecholamines (0.3-0.5 ,M) were able to produce significant effects. In five of the nine quiescent preparations, the "threshold" concentration of catecholamine produced triggered rhythms that were sustained for 1-15 minutes (Figure 2 ). In the remaining four preparations, treatment with catecholamines did not induce triggering. Here, stimulus trains of 10-30 beats were followed by DADs. In these four experiments, then, the-effects of the cycle length of stimulation could be studied on the amplitude and coupling interval of the DADs. The mean resting potential of the muscle cells (n =8) studied was -82 + 2 during these determinations. In three of these experiments, isoproterenol 1 ,uM was required to elicit DADs, and in one experiment, a concentration of 0.5 gM was used successfully.
The amplitude of the DADs was inversely related to the basic cycle length of the stimulus train ( Figure 3 ). That is, the faster the rate of stimulation, the larger the DAD became. The coupling interval (CI) of the DADs was directly related to the basic cycle length of stimulation ( Figure 3) .
As with the 72-hour infarct zone preparations, tachyphylaxis was encountered during studies of the effects of isoproterenol in the 24-hour preparations. Tachyphylaxis occurred in three of the four preparations in which the relations of DAD amplitude to stimulus regime parameters were studied and overall in four of the nine preparations that were quiescent during the control period. In these four studies, the amplitude of the DADs would generally be greatest 5-10 minutes after beginning treatment with isoproterenol. Then, after 15-30 minutes of treatment, the response would be reduced or disappear entirely. Resting membrane potential (Em) in these preparations did not change significantly after treatment with the catecholamine was begun or later as tachyphylaxis developed. In most experiments, Em had decreased 1-3 mV when DADs could no longer be elicited, but in a few preparations, it increased 1-5 mV. Thus, the tachyphylaxis was not associated with an "accelerated recovery" of diastolic potential induced by the catecholamines.
As mentioned above, three preparations of ventricular muscle from over 24-hour infarct zones were spontaneously active even before treatment with catecholamines was begun.
In one preparation (Figure 4 ), irregular bursts of action potentials occurred during the control period. After treatment with norepinephrine 0.3 ,uM, the bursts became longer and more regular and were terminated with 6-9 mV DADs. About 6 minutes after superfusion with the catecholamine was begun, the preparation was continuously activated at a cycle length of about 500 msec. After a final 27 Figure 4) . In an epicardial preparation from another 24-hour infarct zone, the muscle cells were firing at cycle lengths of about 560 msec immediately after it was isolated. The MDPs varied between -57 and -62 mV in the "pacemaker" action potentials. Occasionally, the sustained triggered activity in this preparation arrested spontaneously. These periods of arrest were begun with DADs. Most cells in the preparation had resting transmembrane potentials between -75 and -80 mV during the quiescent periods. If a single stimulated impulse was delivered during these periods of arrest ( Figure 5 , upper left), the driven action potential would induce a sustained triggered rhythm from MDPs of -60 to -70 mV at a cycle length of about 550 msec. The run of triggered activity depicted in Figure 5 lasted about 4 minutes ( Figure 5, upper right) 24 -hour infarcted heart were placed in a dual bath and superfused simultaneously. One preparation was from the endocardial surface of the infarct, and a second preparation was from the epicardial surface. The Purkinje fibers on the endocardial surface were firing slowly ( Figure 6 , lower traces), while the epicardial muscle cells were found to be firing in a sustained rhythm at about a 580-msec cycle length when they were first impaled ( Figure 6 , upper traces). The epicardial cells continued to fire at this cycle length for Figure  7 ). The endocardial activation sequence on the left ventricular surface was similar to the sequence that occurred during supraventricular beats ( Figure 8 ) and was quite different than those that occurred during ventricular beats in other preparations (Figures 9 and 10) . Thus, the present study confirms our earlier results that independent of increased sympathetic tone or specific humoral factors, epicardial impulses can provoke significant ventricular ectopic activity in the 24-hour infarcted heart. These epicardial impulses can be either automatic or triggered. It is well established that ventricular muscle can become automatic if it is depolarized by DC currents to the diastolic voltage range of -50 to -60 mV.27 29 In the present study, slow automaticity occurred in the 24-hour infarct zone ventricular muscle fibers. This automaticity occurred in both standard and catecholamine-containing Tyrode's solution from MDPs of -60 to -70 mV and led to bursts of triggered action potentials (Figure 4 ). In addition, rapid impulse initiation from MDPs of -58 to -60 mV was recorded ( Figure 6 ). If this rapid activity were encountered in a subendocardial Purkinje fiber at 24 hours after ligation, it would probably be classified as "abnormal" or "lowpotential automaticity." This classification would be based on extensive studies of responses to overdrive stimulation,30 temperature, and drugs. 31, 32 However, in the majority of the epicardial ventricular muscle preparations from 24-hour infarct zones, no automaticity occurred. Furthermore, sustained triggered activity from MDPs of about -60 mV did occur ( Figure 5 ). Therefore, whether the rapid impulse initiation depicted in Figure 6 reflects low-potential automaticity or "continuous triggered activity" is uncertain. We can only conclude that this continuous rhythmic activity, whether it is triggered or automatic, may be a cause of significant arrhythmias. It would be of interest to study this activity further; this may be difficult, however, because it appears to occur only occasionally in the experimental model. '30 VM It is well established that DADs can occur in isolated papillary muscles.28,33 -36 It is also well established that DAD amplitude can be increased by 3-adrenergic agonists and that if the DAD amplitude becomes large enough, triggered activity will result. 12, [37] [38] [39] Because catecholamine levels in the plasma are elevated after myocardial infarction,4041 it is quite likely that the phenomena reported here could contribute to arrhythmias in the 24-hour infarcted heart. In view of the lack of effect of flecainide (I and 5 mg/I) on the rate of some of this activity (Figure 6 ), it is possible that these mechanisms could be responsible for drugresistant tachycardias.
The ionic mechanisms responsible for triggering or automaticity in these infarct zone In summary, previous results2-7,23 suggest that the endocardial surface of the infarct is the primary site of origin of the multifocal ventricular arrhythmias that occur in the canine heart 24 hours after coronary ligation. However, some ectopic activity in the 24- 
